The research on body-centric wireless communications (BCWCs) is becoming very hot because of numerous applications, especially the application of E-health systems. Therefore, a small multi-band and low-profile planar inverted-F antenna (PIFA) with tuning function is presented for BCWCs in this paper. In order to achieve multi-band operation, there are two branches in the antenna: the longer branch low frequency band (950-956 MHz), and the shorter branch with a varactor diode embedded for high frequency bands. By supplying different DC voltages, the capacitance of the varactor diode varies, so the resonant frequency can be tuned without changing the dimension of the antenna. While the bias is set at 6 V and 14 V, WiMAX and ISM bands can be covered, respectively. From the radiation patterns, at 950 MHz, the proposed antenna is suitable for on-body communications, and in WiMAX and ISM bands, they are suitable for both on-body and off-body communications.
Introduction
In recent years, the research on body-centric wireless communications (BCWCs) is becoming very hot, because of numerous applications, such as, E-health systems, security agencies, and personal entertainment [1] - [4] . Especially, many researchers considered E-health systems as the biggest potential application with all kinds of wireless devices. In fact, due to population aging, this application will play a more significant part in Japanese society than that in other countries [2] , [3] . Therefore, as an interface between the wireless devices and the propagation environment, antennas for BCWCs need to be carefully designed.
At present, some antenna designs have been introduced for BCWCs [5] - [9] . The well-known requirements for wearable antennas in body-centric wireless communications area are compact size, light weight, low-profile, and lower specific absorption rate (SAR). Planar inverted-F antennas in [5] - [7] are good candidates for BCWCs, but the size of these antennas is large due to the large ground plane. In order to reduce antenna size, authors proposed a cavity slot antenna [8] folded ground plane [9] for BCWCs. However, only one operation band (2.45 GHz) was achieved in [8] , [9] . Actually, besides 2.45 GHz band, several other bands can also be chosen for BCWCs, such as 950-960 MHz, WiMAX, etc. Thus, the design of dual-band or multi-band antennas is also needed. Although dual-band textile antennas with EBG have been proposed for 2.45 and 5 GHz bands in [10] , [11] , they are difficult to achieve low frequency operation (950-956 MHz) with the similar structure.
In this paper, we proposed a small multi-band and lowprofile planar inverted-F antenna (PIFA) with tuning function for BCWCs. In order to achieve multi-band operation, there are two branches on the radiator: the longer branch low frequency band (950-956 MHz), and the shorter branch with a varactor diode embedded for high frequency bands. By supplying different DC voltages, the capacitance of the varactor diode varies, so the higher resonant frequency can be tuned without changing the dimension of the antenna. As an implementation, a varactor diode of Skyworks (SMV2019-040LF) [12] is adopted in our prototype antenna. With this varactor diode, the prototype antenna can cover ISM band (2.40-2.48 GHz) and WiMAX (2.30-2.40 GHz). The radiation patterns of the proposed antenna in 950 MHz can be applied in on-body communications. Furthermore, the radiation patterns of WiMAX and ISM bands are relatively non-directional and are of no deep nulls in the half-sphere above the arm phantom. Therefore, the proposed antenna can be expected to be applied in on-body and off-body communications.
Antenna Design

Antenna Configuration and Human Phantom
As demonstrated in Fig. 1 , our proposed antenna is a planar inverted-F antenna. In the antenna, there are two substrate boards, both with a thickness of 0.8 mm and a relative permittivity of 2.17, and the distance between them is 4.4 mm. As a result, the height of the antenna is 6 mm. The lower substrate board has the area of 40 × 20 mm 2 , and the ground plane is on the bottom layer of it, with the same area. The upper substrate board has the area of 40 × 15 mm 2 , and the radiator is on the top layer of it. In Fig. 1 (a) the dash line presents the feeding pin. and a longer branch and one varactor diode is located on the shooter branch as a conducting bridge. By using the two branches and the varactor diode, multi-band operation is achieved. The width of the shorting plate is 3.5 mm. The distance between shorting plate and feeding pin is 5 mm.
Since the proposed antenna is designed for BCWCs, an arm phantom (450 mm × 50 mm × 50 mm) with two-thirds muscle-equivalent electric properties is located close to the antenna. As shown in Fig. 2(a) , the antenna is put 80 mm away from the end of the arm phantom, and the distance between the ground plane of the antenna and the surface of the arm phantom is set at 2 mm as shown in Fig. 2(b) . In the beginning of simulation, we investigated three electric properties of the arm phantom at 950 MHz, 2.35, and 2.45 GHz, respectively (relative permittivity, 37.2 at 950 MHz, 35.8 at 2.35 GHz, and 35.2 at 2.45 GHz; conductivity, 0.65 S/m at 950 MHz, 1.15 S/m at 2.35 GHz, and 1.16 S/m at 2.45 GHz [13]). However, it is found that though the three electrical properties of the arm phantom are different, the simulated reflection coefficients are nearly the same. Therefore, in order to save the calculation time, we adopted only one kind of arm phantom (relative permittivity, 35.2; conductivity, 1.16 S/m) in the following simulation.
Parameter Analysis and Optimization
In order to optimize the proposed antenna, the parametric analysis was performed in this part, by using HighFrequency Structure Simulator (HFSS) 10.1 (Ansoft Corp.). As shown in Fig. 3(a) , four key parameters, G, H, W, and S , were analyzed and discussed. Though we used a lumped capacitor with different capacitances to mode the varactor diode, we only used 0 pF (open circuit) in this step for simplicity.
G: By varying the parameter of Gfrom 8 mm to 12 mm, the length of the longer branch can be changed. From Fig. 3(b) , both the two resonant frequencies shift to higher band, The shift of higher resonant frequency is caused by coupling between the two resonant frequencies.
H: The height of the antenna is also an important parameter. By changing it 5.6 mm to 9.6 mm, the higher resonant frequency shifts down from 2.84 GHz to 2.58 GHz, and the lower frequency shifts up from 0.91 GHz to 0.97 GHz, as shown in Fig. 3(c) .
W: Fig. 3(d) presents the simulated reflection coeffi- cients by increasing the parameter of W. From the results, it does not affect the higher band but make the lower band shift upward from 0.94 GHz to 0.99 GHz because the average current path of longer branch is shortened. S : By enlarging the width of the shorting plate (S ) from 1.5 mm to 4.5 mm the two bands both shift upward, as shown in Fig. 3(e) .
Base on the parametric study, the optimized antenna was acquired (G = 10 mm, H= 6 mm, W= 2.1 mm and S = 3.5 mm), and Fig. 4 shows the simulated reflection coefficients. It is found that if the capacitance of the varactor diode increases the higher resonant frequency shifts downward. When the capacitance is set at 0.18 pF, the proposed antenna operates in the ISM band (2.40-2.48 GHz), and when the capacitance is set at 0.27 pF, it operates in the WiMAX band (2.30-2.40 GHz). From the results, the lower band (950-956 MHz) is also covered.
To understand the multi-band operation of the proposed antenna, the surface current distributions on the radiator at 950 MHz, 2.35 and 2.45 GHz, were given in Fig. 5 . As shown in Fig. 5(a) , the surface current flows from the feeding point to the end of the longer branch, whose path length is close to one quarter-wavelength of 950 MHz. Figure (b) and (c) show the surface currents flow from the feeding point to the end of the shorter branch, whose path length is close to one quarter-wavelength of 2.4 GHz.
Experimental Results and Discussion
Reflection Coefficients
As an implementation, a varactor diode of Skyworks (SMV2019-040LF) is adopted in our prototype antenna. Besides, as in Fig. 6 , two RF chock inductors with 33 nH are added to separate the DC signal and the RF signal. Based on its data sheet [10] , a typical characteristic of capacitance is given in Fig. 7 , so the varactor diode offers a tuning range of capacitance from 2.10 pF to 0.23 pF over a DC voltage from 0 V to 20 V. It should be noted that, in order to reduce the effects of DC lines, the DC lines are run through two holes both dug on the two substrate boards, as shown in Fig. 8 . The arm phantom in our paper is shown in Fig. 9 . In our experiment, we dug a hole in the phantom for the connecting cable to the antenna. The arm phantom is comprised of deionized water, agar, sodium chloride, polyethylene pow- der, TX-151, and sodium dehydroacetic acid [14] . In the measurement, a foam layer with a thickness of 2 mm is used to fix the distance between the antenna and the arm phantom. firstly, the first resonance frequency shifts slightly while the bias voltage is changed; secondly, the second resonance frequency occurs from 2.27 to 2.50 GHz below −10 dB and the WiMAX (2.30-2.40 GHz) and ISM (2.40-2.48 GHz) can be covered while the bias is set 6 V and 14 V, as show in Fig. 10(b) . From the results, by increasing the voltage, the operation frequency band is shifted upward, which is because the capacitance of the varactor diode is reduced.
Radiation Patterns
Besides reflection coefficients, the far-field radiation patterns of the proposed antenna are also studied. Figure 11 illustrates the measured radiation patterns in the xz and yz planes at 950 MHz, 2.35 GHz and 2.45 GHz. As a comparison, the simulated radiation patterns are added (0.18 and 0.27 pF). The radiation patterns in WiMAX and ISM bands are relatively non-directional and are of no deep nulls in the half-sphere above the arm phantom with wide beam so the proposed antenna is able to be applied in on-body and offbody communications. For 950 MHz, due to weaken radiation in the direction of 0 degree, it can only be applied in on-body communication. In addition, the measured radiation patterns are close to the simulated ones, though there are some difference due to the coaxial cable and the DC lines.
Conclusions
The small multi-band antenna with tuning function for body-centric wireless communications is studied in this paper. It is a planar inverted-F antenna and there are two branches on the radiator: the longer branch low frequency band (950-956 MHz), and the shorter branch with a varactor diode embedded for high frequency bands. By supplying different DC voltages, the capacitance of the varactor diode varies, so the resonant frequency can be tuned without changing the dimension of the antenna. While the bias is set at 6 V and 14 V, WiMAX and ISM bands can be covered, respectively. In addition, the radiation patterns in WiMAX and ISM bands are relatively non-directional and are of no deep nulls in the half-sphere above the arm phantom with wide beam so the proposed antenna is able to be applied in on-body and off-body communications. For 950 MHz, due to weaken radiation in the direction of 0 degree, it can only be applied in on-body communication. 
